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Faba bean necrotic yellows virus (FBNYV) has a multicomponent circular ssDNA genome. In addition to a previously
described genome component (C1) coding for a replicase-associated protein (Rep), five further components (C2 to C6) have
now been identified. Each of the six components is about 1 kb in size, contains one major open reading frame (ORF) in the
virion sense with a TATA box and polyadenylation signal, and has a noncoding region containing a highly conserved
sequence possibly forming a stem–loop structure. Similar to C1, C2 encodes another putative Rep of 33.1 kDa, which is
closely related to the Rep of banana bunchy top virus (BBTV). Based on bacterial expression and immunoblot analysis, the
ORF of C5 encodes the capsid protein (CP) with a deduced molecular mass of 19 kDa. The FBNYV CP shares the highest
amino acid (aa) identity (56.2%) with that of subterranean clover stunt virus (SCSV). The ORF of C4 potentially codes for a
hydrophobic protein which appears to be structurally and functionally similar to the BBTV-C4 and SCSV-C1 proteins. No
protein sequence similarities were found in databases for the C3 and C6 ORFs of FBNYV. FBNYV is clearly distinct from
any known virus but is taxonomically related to BBTV and SCSV. q 1997 Academic Press
INTRODUCTION of the FBNYV genome (Katul et al., 1993, 1995) confirmed
its similarity to banana bunchy top virus (BBTV) (Harding
Faba bean necrotic yellows virus (FBNYV) is associ- et al., 1991, 1993; Burns et al., 1994, 1995), coconut foliar
ated with an economically important virus disease affect- decay virus (CFDV) (Randles and Hanold, 1989; Rohde et
ing several legume crops in the Middle East and North
al., 1990), milk vetch dwarf virus (MDV) (Sano et al., 1993),
Africa (Makkouk et al., 1988, 1992, 1994; Katul et al.,
and subterranean clover stunt virus (SCSV) (Boevink et
1993). It causes stunting, leaf rolling, and yellowing later
al., 1995; Chu and Helms, 1988; Chu et al., 1993a, 1995).
leading to necrosis and early death of the plants. FBNYV
With the exception of CFDV which is vectored by a cixiid
is persistently transmitted by the aphid species Acyrtho-
bug, Myndus taffini (Julia, 1982), all these viruses are trans-siphon pisum and Aphis craccivora in which it does not
mitted by aphid vectors, but not mechanically or throughseem to replicate (Franz, 1997). It has isometric particles
seeds. FBNYV, MDV, and SCSV infect mainly leguminous18 nm in diameter consisting of a capsid protein (CP) of
hosts, have the same aphid vectors, and are serologicallyabout 22 kDa and a genome represented by several cir-
related (Katul et al., 1993; Franz et al., 1996). Since 16 ofcular single-stranded (ss)DNA components each of
19 MAbs to FBNYV reacted strongly with MDV from Japanabout 1 kb (Katul et al., 1993). In a previous study we
(Franz et al., 1996), FBNYV and MDV appear to be strainsdescribed one component (C1) which consists of 1002
of the same virus. A nomenclatural revision of these vi-nucleotides (nt) and contains one large open reading
ruses, however, should only be considered when the ge-frame (ORF) potentially encoding a replicase-associated
nomes of both viruses have been sequenced.protein (Rep) of 32.3 kDa (Katul et al., 1995).
Whereas no sequence information on the MDV ge-Results of recent surveys, host range and vector trans-
nome is yet available, the sequence of only one compo-mission experiments (Franz et al., 1995, 1996; Franz, 1997),
nent of CFDV has been determined. This component con-and serological studies employing monoclonal antibodies
sists of 1291 nt and contains a large ORF encoding a(MAbs) (Franz et al., 1996) have contributed to the further
putative Rep of about 33.4 kDa (Rohde et al., 1990). Thecharacterization of FBNYV. Recent preliminary analyses
sequences of six components of an Australian BBTV iso-
late have recently been published (Harding et al., 1993;
1 The nucleotide sequence data reported in this paper have been Burns et al., 1995). All six components were detected in
submitted to the EMBL Nucleotide Sequence Database and have been several isolates from 10 countries, suggesting that theyassigned the Accession Nos. Y11405 to Y11409.
are all integral parts of the BBTV genome (Karan et al.,2 To whom correspondence and reprint requests should be ad-
dressed. Fax: /49-531-299 3006. E-mail: h.j.vetten@bba.de. 1997). Each component is about 1 kb in size and has
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one major ORF (except component 2). The proteins en- ments from our previously described DNA library (Katul
coded by the BBTV components C1, C3, and C4 have et al., 1993) were used for determining the sequence of
been identified as Rep (Harding et al., 1993), CP (Wanit- the FBNYV genome.
chakorn et al., 1996), and possible movement protein
Nucleotide sequencing and PCR amplification(Burns et al., 1995), respectively. Additional Rep-encod-
ing components have been found in several Asian iso- The nucleotide sequence of the DNA was determined
lates (Wu et al., 1994; Yeh et al., 1994; Xie and Hu, 1995; by the dideoxynucleotide chain termination method of
Horser et al., 1996) and suspected to be satellite DNAs Sanger et al. (1977) employing the T7-sequencing kit
associated with the BBTV genome, but not constituting (Pharmacia) on ssDNA templates (Katul et al., 1995) or
integral parts of it (Horser et al., 1996). The genome of by cycle sequencing using 32P-labeled primer and the
SCSV was shown to consist of at least seven compo- DTaq Version 2.0 Polymerase (USB) on plasmid and un-
nents (Boevink et al., 1995). Two components (C2 and cloned DNA amplified by the polymerase chain reaction
C6) were found to contain a large ORF encoding a puta- (PCR). All sequences were verified from both strands of
tive Rep and a third (C5) was identified to code for the at least three clones. To complete the sequencing of
CP. All components of BBTV and SCSV as well as the DNA components from which only a short segment had
C1 of FBNYV seem to have a unidirectional mode of been cloned, a primer pair derived from the terminal
transcription and a noncoding region containing a highly
sequences of the segments and directed outward was
conserved sequence flanked by a stretch of inverted re-
used for amplifying missing parts of the circular compo-
peats possibly forming a stem–loop structure. Although
nents (Table 1) using viral ssDNA as template. The prim-Chu et al. (1993b) showed that purified SCSV virions are
ers were then 32P-labeled and used for cycle sequencingcapable of replicating in pea and subterranean clover
of the amplified products. This information was also con-protoplasts, infectivity of either purified virions or cloned
firmed by sequencing the cloned PCR products. The am-DNA components has not been demonstrated for any of
plified DNA was directly cloned into an EcoRV-cut pBlue-these viruses. Furthermore, no conclusive evidence has
script SK0 vector (Stratagene) which was ddTTP-tailedyet been provided that the complete genome of any of
according to the method of Holton and Graham (1991).these viruses has been determined.
Moreover, to obtain overlapping data from oppositeChu et al. (1995) and Meehan et al. (1997) have re-
strands of large or full-length fragments, single primerscently concluded that BBTV, CFDV, and SCSV are in many
were constructed for genome walking (Table 1). Primersrespects similar to geminiviruses and animal circovi-
were designed using the program OLIGO (National Bio-ruses, such as porcine circovirus (PCV), which also have
sciences, U.S.A.). For DNA amplification, the PCR mixsmall isometric virions and circular ssDNA genomes.
containing Replitherm polymerase (Biozym), the cyclingThey differ from them particularly in having a multicompo-
protocol, and product analysis in an ethidium bromide-nent genome consisting of at least six to seven unidirec-
stained 1% agarose gel were as described earlier (Katultionally transcribed components, each of about 1 kb in
et al., 1995).size. Based on the characteristic properties shared by
these unusually small plant viruses, which have the
Computer analysis of sequence datasmallest known virions and genome segment sizes, at-
tempts have been made to group and coin a generic Sequences were assembled and analyzed using the
name for them. Names such as plant circoviruses (Lukert program package of the Genetics Computer Group (Dev-
et al., 1995; Merits et al., 1995; Meehan et al., 1997) and ereux et al., 1984) and multiple alignments of amino acid
nanaviruses (Brunt et al., 1996) have been used, but have (aa) sequences were made using CLUSTAL (Higgins and
not yet been approved by the International Committee Sharp, 1988). Database searches were performed in
on Taxonomy of Viruses. For the purpose of this paper, Nonredundant GenBank CDS translations, PDB, Swiss-
we will use the term SCSV-like viruses when referring to prot, SPupdate, and PIR using BLAST (at NCBI), FASTA
BBTV, CFDV, FBNYV, MDV, and SCSV. (Pearson and Lipman, 1988), and BLITZ (at BRU). Se-
In this paper we present sequence information on five quences retrieved from the GenBank for comparison
further components of the FBNYV genome and report were those of BBTV (S56276, L41574 to L41578, L32166,
on the identification of a second putative Rep-encoding and L32167), CFDV (M29963), FBNYV-C1 (X80879), SCSV
component as well as of the CP-encoding component. (U16730 to U16736), and PCV (U49186).
The genomic organization of FBNYV is compared with
that of the other SCSV-like viruses, and their relatedness Amplification of the coat protein gene and its
and taxonomic grouping are discussed. expression in Escherichia coli
MATERIALS AND METHODS To verify whether the large open reading frame (ORF)
Viral DNA and clones of component 5 encodes the FBNYV coat protein (CP), a
pair of oligonucleotide primers (P10/P11, Table 1) con-Nucleic acid (ssDNA) extracted from purified prepara-
tions of the FBNYV isolate SV292-88 and cloned frag- taining restriction sites for cloning into the expression
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vector pQE-9 (QIAGEN) was designed for amplification Possible motifs of these signals (Katul et al., 1995) and
their positions are indicated in Fig. 1. All proposed poly(A)of this ORF from viral DNA. The restriction sites BamHI
in P10 and PstI in P11 were chosen since they are not addition signals were followed downstream by at least
one TTG motif within the next 31 nt. The presence ofpresent in this DNA component. A 2-ml aliquot of a par-
tially purified virus preparation provided the template for such motifs was suggested by Gil and Proudfoot (1984)
to be required for correct 3 *-end formation in animalamplification. The BamHI- and PstI-digested fragment
and the similarly digested pQE-9 vector were fractionated systems, although a downstream GT-rich sequence was
shown to be dispensable for the function of the CFDVin a 1% agarose gel. Aliquots from each of the melted
gel bands were ligated using T4 DNA ligase (Boehringer poly(A) addition signal (Merits et al., 1995). Using meth-
ods described earlier for FBNYV-C1 (Katul et al., 1995)Mannheim). The ligation mixture was used to transform
competent Escherichia coli M15 cells (Sambrook et al., the polarity of the virion DNA was determined only for
C5 by direct sequencing of noncloned viral DNA using1989). Protein expression was induced by IPTG at a final
concentration of 2 mM. primers P6 and P7 (data not shown). The polarities of
C2, C3, C4, and C6 as presented in Fig. 1 were deduced
Gel electrophoresis and immunoblot analysis by analogy to those of C1 and C5. Moreover, all six com-
ponents shared a highly conserved, potentially loop-Following sonication of IPTG-induced cells the precipi-
forming domain which is also present in SCSV, BBTV,tated proteins were analyzed in 12% SDS–polyacryl-
and geminivirus components (Fig. 3) the polarities ofamide gels (SDS–PAGE) (Laemmli, 1970) and elec-
which have been determined. The major ORFs of all fivetroblotted onto a nitrocellulose membrane (Towbin et al.,
FBNYV components were in the virion sense and their1979). The membrane was incubated with a 1:1000 dilu-
putative proteins consisted of 114 to 286 aa with pre-tion of alkaline phosphatase (AP)-labeled polyclonal IgG
dicted molecular masses ranging from 12.9 to 33.1 kDato FBNYV (Katul et al., 1993). Specific bands were visual-
(Figs. 1 and 2; Table 2).ized using NBT/BCIP (Boehringer Mannheim) as sub-
strate.
Another Rep protein encoded by C2
Similar to FBNYV-C1 (Katul et al., 1995), C2 containedRESULTS
a putative Rep gene. The major ORF potentially encodes
Nucleotide sequence a relatively large protein of 33.1 kDa and contained the
consensus NTP-binding motif GXGK(T/S) (GGEGKT) (Fig.Five covalently closed DNA components (C2 to C6) of
1) present in the putative Rep of several viruses (Gorba-the FBNYV genome were identified and sequenced. The
lenya et al., 1990).sizes of these components ranged from 985 to 1003
bases (Figs. 1 and 2; Table 2). The sequences of C2,
Identification of the coat protein (CP) gene on C5C3, and C4 were assembled from overlapping clones
sequenced in both directions. Based on short partial Since SDS–PAGE had revealed that FBNYV virions
clone sequences, the sequencing of C5 and C6 was contain a CP with a molecular mass of about 22 kDa
completed by the use of the primer pairs P6/P7 and P12/ (Katul et al., 1993), we suspected that the 19-kDa protein
P13, respectively (Table 1), to amplify the missing seg- potentially encoded by the large ORF of C5 is the CP. To
ment of each component. Attempts to generate DNA of identify this protein, the product expressed from this ORF
additional unknown components using back-to-back in E. coli cells was tested against an antiserum to FBNYV
primers designed from small clones not belonging to in immunoblots. The polyclonal antibodies to FBNYV re-
any of the six components were unsuccessful. Although acted strongly not only with the viral capsid protein, but
these clones were of viral origin, since they did not hy- also with the bacterially expressed protein (Fig. 4), indi-
bridize with host DNA (data not shown), a primer pair cating that the ORF of C5 codes for the CP of FBNYV. A
(not shown) derived from the limited common region weak nonspecific reaction was observed with a smaller
flanking the stem loop (see below) in C2, C4, C5, and C6 protein which was most probably of bacterial origin since
also failed to generate a PCR product, indicating that it was also present in the negative control. The difference
these oligonucleotides were not suitable for PCR. observed in SDS–PAGE migration of the viral CP (20
kDa) and the expressed protein (22 kDa) was in goodAnalysis of the components for gene regulation
agreement with the expected size of a protein that con-signals, functional open reading frames (ORFs),
tained the complete 19-kDa viral CP and 10 vector-de-and polarity
rived residues (about 1.6 kDa), including a tag of 6 histi-
dine residues and 2 primer-derived residues of theEach of the five components contained only one ORF
potentially encoding a protein larger than 10 kDa for BamHI site. Although in previous SDS–PAGE analyses
(Katul et al., 1993) the estimated size of the FBNYV CPwhich a TATA-box and polyadenylation [poly(A)] addition
signal could be appropriately located (Figs. 1 and 2). was about 22 kDa, it migrated here as a 20-kDa protein
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FIG. 1. Nucleotide sequences of the five genome components (FBNYV-C2 to C6) of the FBNYV isolate SV292-88 and the deduced amino acid
sequences encoded by the major ORFs. The first nucleotide of the putative stem–loop structure (double underlined) was chosen as nucleotide 1.
The TATA box and poly(A) addition signals are boxed, clear, and shaded, respectively, and the NTP binding motif (GGEGKT) in the ORF of C2 is
in italics, boxed, and shaded. The common region shared by C2, C4, C5, and C6 and flanking the stem loop is singly underlined and another region
shared by C3, C4, and C6 is marked by a dotted line. None of these common regions was present in C1 (Katul et al., 1995). The numbering of
nucleotides for each component is given on the right.
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No other common regions shared by any of the FBNYV
components were found.
Comparison of nucleotide and amino acid sequences
with those of other ssDNA viruses
A schematic alignment of the nucleotide sequence of
the stem–loop structure was made for all identified com-
ponents of FBNYV, SCSV, and BBTV isolates from Austra-
lia (A) (Harding et al., 1993; Burns et al., 1995) and Taiwan
(T) (Wu et al., 1994) as well as for CFDV, PCV, and repre-
sentatives of the three geminivirus genera, namely maize
streak virus (MSV), beet curly top virus (BCTV), and Afri-
can cassava mosaic virus (ACMV) (Fig. 3). The stem–
loop structure was highly conserved not only among the
FIG. 1—Continued
which was probably due to the use of biotinylated marker
proteins in Western blots.
Comparison of the noncoding region of the FBNYV
components
Similar to FBNYV-C1 (Katul et al., 1995), the noncoding
region of each of the five DNA components described
here contained a highly conserved GC-rich region of 9
to 11 nt arranged as inverted direct repeats separated
by an AT-rich region of 11 nt which form a possible stem –
loop structure (Fig. 3). This region was found to be the
only common region among all six FBNYV components.
Twenty-five and 21 identical nt immediately upstream
and downstream, respectively, of this region were also
shared by C2, C4, C5, and C6 with only two nt exchanges
in C2 (CT exchanged for TG at nts 987 and 988) and four
nt exchanges in C5 (CATC exchanged for TTAG at nts
49 to 52) (Fig. 1). On the other hand, C3, C4, and C6
shared another highly homologous region comprising
about 35 nt starting 47 (in C3) and 44 nt (in C4 and C6)
upstream from the stem loop. This region of the three
components differed in three to seven nt and one dele-
tion. Larger common noncoding sequences encom- FIG. 2. Schematic drawing of the six circular components of the
passing the stem loop were also revealed for each of FBNYV genome. The key-hole shape represents the stem loop, shaded
arrows represent the major ORFs, and the clear and shaded rectanglestwo pairs of the FBNYV components. C3 and C5 had a
indicate the positions of the TATA box and poly(A) addition signals,long stretch of largely identical nucleotide sequences
respectively. Similarly marked lines with blunt borders designate highly(about 83%) spanning between nt 1 and 282 in C3 and
homologous nucleotide stretches shared by only some components.
nt 3 and 294 in C5, and C4 and C6 had another longer The number and size [in bases (b)] of each component as well as the
stretch (about 93.6% identity) located between nt 818 and deduced size of the putative protein encoded by the major ORF [in
kilodaltons (kDa)] is indicated in each circle.990 and 1 and 286 in both components (Figs. 1 and 2).
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TABLE 1
Oligonucleotide Primers Used for Sequencing, Cloning, and Expression
Position Product size
Primer Nucleotide sequence Component (nt) Sense (in bp)
Sequencing
P3 5*-ATATGCTGGTGCTTTACA-3* 2 136–153 v —
P9 5*-GCGTTTACTAGTCCTGCTC-3* 5 610–628 v —
P14 5*-CGCCTAATCGACGGCATCTTG-3* 6 372–352 c —
P15 5*-AGGGACCACGATCCACTTGCT-3* 6 107–87 c —
Cloning
P6 5*-CACTTCAACATAAACTCTG-3* 5 840–822 c
780
P7 5*-ATAGCCATTGGATTGTAAG-3* 5 61–79 v
P12 5*-AGGAATGCCAGAAAGATGAAGAAC-3* 6 594–617 v
924
P13 5*-TGGGTAGATTTGGGTAGGCTGATA-3* 6 527–504 c
Expression
P10 5*-aaggatccATGGCGAGTAAATGGAAT-3* 5 325–342 v
537
P11 5*-ggggctgcagTTACACTTCAACATAAAC-3* 5 843–826 c
Note. Nucleotides of nonviral origin are in lower case letters. Primer orientation is in the virion (v) or complementary (c) sense and their nucleotide
(nt) positions as indicated above correspond to the numbering in Fig. 1.
individual components of each virus but also among all large cluster included all putative Reps and revealed sig-
nificant aa identities of 53.2, 54.5, 59.4, and 60% for thethe SCSV-like viruses. Moreover, the loop-forming se-
quence was highly conserved among all viruses ana- Reps of BBTV-T1 and SCSV-C2, FBNYV-C2 and BBTV-
C1, FBNYV-C1 and SCSV-C2, and BBTV-T1 and BBTV-lyzed in Fig 3.
The predicted aa sequence of the major ORFs of all T2, respectively (Table 3). The Rep of PCV, on the other
hand, showed aa identities of only 18.2 to 22.9% with theidentified components of FBNYV, SCSV, BBTV, and CFDV
were aligned and analyzed. The resulting dendrogram Reps of the SCSV-like viruses. The aa alignment of the
obviously related Rep proteins (Fig. 5) further illustrated(not shown) revealed several distinct clusters, indicating
particular affinities among proteins encoded by the indi- these homologies showing highly conserved regions
over the entire protein sequences.vidual components of the various SCSV-like viruses. One
FIG. 3. Nucleotide sequence alignment of the putative stem–loop structure of the components of four SCSV-like viruses, namely FBNYV, SCSV,
BBTV-A (Australian isolate), BBTV-T (Taiwanese isolate), and CFDV with the stem–loop region of MSV, BCTV, and ACMV, representative members
of the three geminivirus genera. For acronyms see text. Spaces were included for a clearer alignment. The loop region is boxed. Asterisks mark
nucleotides identical in the loop of all components. This figure is a revised version of that of Chu et al. (1995).
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TABLE 2
Overview of the Organization of the FBNYV, SCSV, and BBTV Genomes, Showing the Size and Possible Function
of All Identified Genome Components and Their Major Open Reading Frames (ORF)
FBNYV SCSV BBTV
Component ORF Component ORF Component ORF
Size Mr Size Mr Size Mr
Function No. (bases) aa (kDa) No. (bases) aa (kDa) No. (bases) aa (kDa)
Repa 1 1002 278 32.4 2 1022 280 32.5 — — — —
Rep 2 1003 286 33.1 — — — — 1 1111 286 33.6
Rep — — — — 6 1017 285 33.5 — — — —
CPb 5 1001 172 19.0 5 998 169 18.7 3 1075 175 20.1
MP?c 4 990 114 12.9 1 1001 112 12.7 4 1043 117 13.7
Unknown 3 985 155 18.0 7 988 146 16.9 — — — —
Unknown — — — — 4 1002 153 17.7 6 1089 154 17.4
Unknown 6 990 124 15.1 — — — — — — — —
Unknown — — — — 3 991 164 19.1 — — — —
Unknown — — — — — — — — 5 1018 161 19.0
Unknown — — — — — — — — 2 1060 ?d ?d
Note. Components showing closest homology or encoding similar proteins were placed in one row.
a Replication-associated protein.
b Capsid protein.
c Possible movement protein.
d Major ORF not known (Burns et al., 1995).
A second cluster was composed of the three CP se- an aa identity of 45.5%. Although the BBTV-C4 protein
had no significant aa sequence identity with those ofquences encoded by BBTV-C3, FBNYV-C5, and SCSV-
FBNYV-C4 (15%) and SCSV-C1 (16.1%), the three proteinsC5. The aa identity between the CPs of SCSV and FBNYV
were similar in size (about 13 kDa) and shared very simi-was 56.2%, whereas each of them had an identity of only
lar hydropathy profiles (not shown) and the presence of22.5 and 20.3%, respectively, with the BBTV CP. The aa
a hydrophobic region of 23 to 28 aa in their N-terminalsequence alignment of the three CPs (Fig. 6a) also pro-
half (Fig. 6b). The proteins potentially encoded by FBNYV-vided evidence that the CPs of FBNYV and SCSV are
C4 and SCSV-C1 may be involved in virus movement asclosely related, particularly in their core region.
they were structurally similar not only to the BBTV-C4A third cluster comprised proteins encoded by BBTV-
protein for which a movement function was postulatedC4, FBNYV-C4, and SCSV-C1 of which the latter two had
(Burns et al., 1995), but particularly to the MSV protein
V1 whose movement function has been demonstrated
(Lazarowitz et al., 1989; Boulton et al., 1993; Dickinson
et al., 1996).
The protein potentially encoded by FBNYV-C3 had an
aa identity of 45.9% with that of SCSV-C7 (Fig. 6c),
whereas the protein coded for by BBTV-C6 shared an aa
identity of 42.5% with that of SCSV-C4. Database
searches for proteins sharing similarities with those de-
duced from the major ORF of each FBNYV component
yielded no significant homologies other than with thoseFIG. 4. Western blot analysis of the putative coat protein (CP) bacteri-
of SCSV and BBTV. The protein encoded by FBNYV-C6ally expressed by the major ORF of FBNYV-C5 in three separate clones
had no homologue in any of the proteins potentially en-(lanes 2, 3, and 4), using alkaline phosphatase (AP)-labeled IgG to
FBNYV virions at a dilution of 1:1000. Proteins of a purified virus prepa- coded by any of the components of BBTV and SCSV. The
ration (lane 1) and an induced E. coli culture transformed with the same applied for the BBTV-C5 and SCSV-C3 proteins
expression plasmid alone (lane 5) were used as positive and negative which also had no counterpart in any of the proteins of
controls, respectively. Lane M contains biotinylated marker proteins
the two other SCSV-like viruses (Table 2).(Boehringer Mannheim) reacted with a streptavidin–AP complex (Dako-
patts, Hamburg). NBT/BCIP (Boehringer Mannheim) was used as sub- DISCUSSION
strate. Numbers on the left are the molecular mass values (in kilodal-
Our study on the genome organization of FBNYV ledtons) of marker proteins. The arrow marks the position of the bacterially
expressed CP. to the identification of further five distinct circular ssDNA
AID VY 8611 / 6a39$$$$81 06-04-97 13:22:18 vira AP: Virology
254 KATUL ET AL.
TABLE 3
Percentage Amino Acid Identities among Protein Sequences Deduced from the Potentially Rep-Encoding ORFs
of SCSV-like Viruses and Porcine Circovirus (PCV)
Mr
(kDa) FBNYV-C2 BBTV-C1 BBTV-T1 BBTV-T2 SCSV-C2 SCSV-C6 CFDV PCV
FBNYV-C1 32.4 38.8 34.5 40.3 40.6 59.4 50.4 37.8 18.3
FBNYV-C2 33.1 54.5 37.1 31.9 36.1 37.5 28.7 19.2
BBTV-C1 33.6 35.7 32.6 34.3 36.8 31.5 19.9
BBTV-T1 33.2 60.0 53.2 38.2 41.3 18.2
BBTV-T2 32.7 50.7 48.8 46.3 22.5
SCSV-C2 32.5 39.6 45.4 22.9
SCSV-C6 33.5 36.1 18.6
CFDV 33.4 20.8
PCV 35.7
components. Including the first component identified ear- ertheless, the CR pattern of the FBNYV components is
less uniform than, and different from, that of BBTV andlier from the same nucleic acid preparation (Katul et al.,
1995), we conclude that the genome of the FBNYV isolate SCSV. There is some evidence for considerable geo-
graphically associated and biological variation withinSV292-88 consists of at least six covalently closed circu-
lar ssDNA components each being about 1 kb in size BBTV (Karan et al., 1994, 1997), FBNYV (Franz, 1997;
Franz et al., 1996), and SCSV (Boevink et al., 1993; Chuand containing a major ORF in the virion sense.
Sequence analysis of the noncoding regions of all six et al., 1995). While part of this variation can be explained
as an effect of spatial isolation coupled with adaptivecomponents of the FBNYV genome revealed a striking
identity within the stem –loop structure. By analogy to change to regionally specific selection pressures, as pro-
posed for geminiviruses by Hong and Harrison (1995),geminiviruses, this structure represents a conserved re-
gion with a putative initiation site for dsDNA replication Chu et al. (1995) suggested for SCSV that genetic recom-
binations and the development of progeny virus biologi-(Lazarowitz et al., 1992; Fontes et al., 1994). Such a stem –
loop structure has also been reported for all the compo- cally distinct from previous generations can occur in
plants naturally infected by a mixture of different virusnents of BBTV (Burns et al., 1995; Yeh et al., 1994; Xie
and Hu, 1995; Wu et al., 1994), SCSV (Boevink et al., strains. Hence, the CR pattern of the FBNYV components
may have resulted from possible recombination event(s)1995), and the one of CFDV (Rohde et al., 1990) and PCV
(Meehan et al., 1997). Heyraud et al. (1993), Laufs et al. in this virus. Since apart from the two Rep components
we did not obtain components potentially coding for simi-(1995), and Stanley (1995) mapped the site of replication-
associated DNA cleavage for the viral-strand DNA syn- lar proteins but differing in their noncoding sequences,
we believe that the diverse CR pattern of the FBNYVthesis of three geminiviruses to the pentanucleotide
TACCC. Since this sequence is present in the right half components is no indication of a mixed infection by at
least two coexisting FBNYV strains from which the cDNAof the stem–loop sequence of PCV and of all compo-
nents of the SCSV-like viruses (except for SCSV-C6 which library was generated. Molecular studies on further
FBNYV isolates will be required to determine the CRhas TACGC), we expect them to have the same origin of
replication and to replicate by the rolling circle replication pattern most characteristic of the FBNYV genome.
The suggestion that the major ORFs of C1 and C2 ofmechanism (Stenger et al., 1991; Koonin and Ilyina, 1992;
Laufs et al., 1995). FBNYV potentially encode Rep proteins is based on the
presence of specific NTP-binding motifs characterizingAll BBTV components have a major common region
(CR) ranging in size from 65 to 92 identical nucleotides viral Rep proteins (Gorbalenya et al., 1990). Sequence
comparisons of the Reps of FBNYV, BBTV, SCSV, andlocated 22 to 233 nt upstream of the stem loop. In addi-
tion, they all contain a common stem–loop region (CR- CFDV revealed close similarities not only between the
Reps of one virus but also between those of the differentSL) consisting of up to 69 nt, including the stem loop
(Burns et al., 1995). In contrast to BBTV, there is no major SCSV-like viruses (Fig. 5). Domains shared by the Reps
were distributed over the entire Rep sequence but wereCR shared by all FBNYV components. Besides the stem
loop, which is highly conserved among all six compo- highly conserved in the C-terminal half. Many of these
regions coincided with conserved motifs identified in ini-nents of FBNYV, there is a CR-SL of 73 to 79 nt shared
by four of the six FBNYV components. In this respect, tiation proteins involved in the rolling circle DNA replica-
tion mechanism and ATPase domain (Ilyina and Koonin,FBNYV resembles SCSV whose components only contain
a large CR-SL of 153 to 260 nt, which is found in only 1992; Koonin, 1993). Sequence comparisons of the PCV
Rep (Meehan et al., 1997) with the Reps of the four SCSV-the five non-Rep components (Boevink et al., 1995). Nev-
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FIG. 5. Amino acid sequence alignment of eight putative replicase-associated proteins (Reps) of FBNYV (C1 and C2), BBTV (Australian isolate,
C1), BBTV-T (Taiwanese isolate, T1 and T2), SCSV (C2 and C6), and CFDV. The alignment was generated by using the standard run parameters of
CLUSTAL (Higgins and Sharp, 1988). For acronyms see text. Amino acids shared by at least four Reps are in bold type and those shared by all
Reps are marked by asterisks below the sequence. The numbering of amino acids is given on the right.
like viruses (data not shown) revealed a rather remote of FBNYV-C2 was most closely related to that of BBTV-
C1 (Table 3).relationship whereby the majority of aa identities were
restricted to the N-terminal region. While the Rep of Recent evidence for BBTV suggests that some of the
identified Rep components are satellite DNAs which ap-FBNYV-C1 was most similar to that of SCSV-C2, the Rep
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FIG. 6. Amino acid sequence alignment of the coat proteins (CP) encoded by SCSV-C5, FBNYV-C5, and BBTV-C3 (a), the putative movement
proteins encoded by BBTV-C4, FBNYV-C4, and SCSV-C1 (b), and putative proteins encoded by SCSV-C7 and FBNYV-C3 (c). Identical amino acids
shared by the proteins of SCSV and FBNYV as well as by those of FBNYV and BBTV are marked in (a) and (b) by asterisks above and below the
sequences, respectively. Identical amino acids shared by both sequences are marked in (c) by asterisks below. Amino acids constituting a
hydrophobic region (boxed) are in lower case letters in (b). Double dots in (a) and (b) denote similar amino acids in all three sequences. The
numbering of amino acids for each component is given on the right.
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pear not to constitute integral parts of the BBTV genome 1995) and BBTV-C3 (Wanitchakorn et al., 1996), respec-
tively. Alignments of CP sequences (Fig. 6a) revealed(Horser et al., 1996; J. L. Dale, personal communication).
In the apparently dispensable BBTV Rep components high levels of aa identity between the CP of FBNYV and
SCSV (56.2%), but not with that of BBTV (about 21%). Thisthe TATA box is located 5* of the stem–loop structure,
whereas in BBTV-C1, which has been consistently found corroborates the results from a previous study (Katul et
al., 1993) in which FBNYV was serologically related toassociated with BBTV isolates (Karan et al., 1994), it is
3 * of the stem loop and in close proximity to the AUG SCSV but not to BBTV in tests using polyclonal antibod-
ies. Using a panel of MAbs to FBNYV, Franz et al. (1996)initiation codon of the major ORF. The former pattern is
only present in the two Rep-encoding components (C2 have recently demonstrated that FBNYV and SCSV share
at least one common epitope. We propose that CP do-and C6) of SCSV (Boevink et al., 1995), which were shown
to be coexisting or interchangeable in different SCSV mains highly conserved between FBNYV and SCSV may
be involved in the formation of common epitopes recog-isolates (Boevink et al., 1993; Chu et al., 1995). On the
other hand, in the phloem-specific promoter of the CFDV nized by antisera and MAbs. The nucleotide sequences
coding for these domains were also highly conservedRep gene the TATA box is located 5* of the stem–loop
structure (Rohde et al., 1995). In the case of FBNYV, all (not shown) and have been used to design PCR primers
which yielded specific products for geographically di-components have the putative TATA box located 3 * of
the stem loop as in BBTV-C1. However, since the signifi- verse FBNYV isolates as well as for SCSV and MDV but
not for BBTV (Franz, 1997).cance of the TATA-box position in BBTV and SCSV Rep
components has not been experimentally verified and According to protein database searches, no possible
functions could be assigned to the proteins potentiallydifferences in the TATA-box position similar to that in
BBTV isolates were not observed for FBNYV-C1 and -C2, encoded by FBNYV-C3 and -C6. However, the significant
level of aa identity (45.9%) between the putative proteinswe were unable to use this as a criterion for distinguish-
ing between integral and dispensable Rep components of FBNYV-C3 and SCSV-C7, for which no matching com-
ponent was identified in the BBTV genome (Table 2), mayof FBNYV. Within either of the major ORFs of FBNYV-C1
and -C2 we also failed to find a second smaller ORF either suggest a common function of these proteins or
reflect the close relationship between FBNYV and SCSV.similar to that identified for BBTV-C1, which is considered
an essential Rep-encoding component of the BBTV ge- In addition, the proteins of SCSV-C4 and BBTV-C6 seem
to be another matching pair (aa identity of 42.5%) havingnome (Beetham et al., 1997).
The location of the poly(A) addition signal in FBNYV- nearly identical sizes of 17.7 and 17.4 kDa, respectively
(Table 2). Although the proteins potentially encoded byC2 seems to be unique as compared to the other FBNYV
components (Fig. 1). It is relatively close to, and preceded SCSV-C3 and BBTV-C5 also had nearly identical sizes of
19.1 and 19.0 kDa, they together with the FBNYV-C6 pro-by, the TATA box whereby transcription initiation or
mRNA 3 *-end formation may be inhibited. For cauliflower tein had no homologue in any of the proteins encoded
by any of the components of the two other SCSV-likemosaic virus, Sanfac¸on and Hohn (1990) suggested,
however, that for the production of full-length RNA the viruses. In view of the homology-based arrangement of
the components and putative proteins of the SCSV-likepoly(A) addition signal is most probably bypassed at the
5* end but recognized at the 3 * end. Moreover, the penta- viruses as shown in Table 2, we suggest that compo-
nents which have no counterpart in the genome of thenucleotide CATTG 5* adjacent to the poly(A) addition
signal, which has been reported by Gil and Proudfoot other two viruses may play a specific role in the biology
and/or replication of the individual virus or that one or(1984) as a possible requirement for correct 3 *-end for-
mation, is also present at this position in FBNYV-C2. more genome components of each of these viruses have
not yet been identified. Since SCSV and BBTV each haveSimilarly, a 16-nt motif (TTGTAATA) present upstream of
the poly(A) addition signal in FBNYV-C2, was another at least five non-Rep components in contrast to FBNYV,
it seems, furthermore, most likely that at least one non-element identified by Sanfac¸on (1994), who suggested
that the presence of multiple elements including se- Rep component of the FBNYV genome has not yet been
identified.quences such as a UAUAAA (the TATA box) upstream
of the poly(A) addition signal may act in an additive man- The sequence information presented for the FBNYV
genome in this study provides strong evidence thatner to enhance recognition of AAUAAA-like sequences.
All these findings support the proposed location of the FBNYV is clearly distinct from BBTV and SCSV or any
other previously described ssDNA virus. In view of theputative poly(A) addition signal in FBNYV-C2.
Bacterial expression of the major ORF on FBNYV-C5 striking similarity in the aa sequences of the CP and two
other proteins (Fig. 6b and 6c), as well as in host rangeresulted in expression of a protein that gave a strong
Western blot reaction with polyclonal antibodies to and aphid vector species, FBNYV and SCSV appear to
be more closely related to each other than each of themFBNYV virions, indicating that FBNYV-C5 codes for the
viral CP (Fig. 4). ORFs encoding a CP of 18.7 and 20.1 to BBTV. In spite of our numerous futile attempts to deter-
mine further components of the FBNYV genome, the factkDa were also identified for SCSV-C5 (Boevink et al.,
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mata and is first detected with the onset of viral lesions. Virologythat we still have clones containing short fragments of
220, 51–59.viral origin, but not belonging to any of the six identified
Fontes, E. P. B., Gladfelter, H. J., Schaffer, R. L., Petty, I. T. D., and Han-
components, indicates that we have not yet sequenced ley-Bowdoin, L. (1994). Geminivirus replication origins have a modu-
the complete genome. However, conclusive evidence for lar organization. Plant Cell 6, 405–416.
Franz, A. (1997). Diagnosis and biological characterization of faba beanthe integral genome parts of a SCSV-like virus will only
necrotic yellows virus with respect to its epidemiology in West Asiabe provided when it is possible to conduct infectivity
and North Africa [in German]. Dissertation, Christian-Albrechts-Uni-tests with various combinations of cloned genome com-
versity, Kiel, Germany, 140 pp.
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